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Highlights
e A strategy to estimate the pKa values of complex polyprotic peptides is
described.

e The pKa values of 5 fragments of AP peptides 1-40 and 1-42 are determined by
CE-UV.

e pKaaccuracy is demonstrated validating the polymer model (me o.. g/M/?).
e Separations are predicted for AP peptides 1-40 and 1-42, or their fragments.

¢ pH and EOF are considered in selectivity and electropherogram predictions.

ABSTRACT

In this paper we describe a strategy to estimate by CE the acidity constants (pKa) of
complex polyprotic peptides from their building peptide fragments. CE has been used
for the determination of the pKas of five short polyprotic peptides that cover all the
sequence of amyloid beta (AP) peptides 1-40 and 1-42 (AP fragments 1-15, 10-20, 20-
29, 25-35 and 33-42). First, the electrophoretic mobility (me) was measured as a
function of pH of the background electrolyte (BGE) in the pH range 2-12 (bare fused

silica capillary, 1=25mM and T=25°C). Second, the mes were fitted to equations



modelling the ionisable behaviour of the different fragments as a function of pH to
determine their pKas. The accuracy of the pKas was demonstrated predicting the
electrophoretic behaviour of the studied fragments using the classical semiempirical
relationships between me and peptide charge-to-mass ratio (me vs. g/M/2, classical
polymer model, g=charge and M=relative molecular mass). Separation selectivity in a
mixture of the fragments as a function of pH was evaluated, taking into account the
influence of the EOF at each pH value, and a method for the simple and rapid
simulation of the electropherograms at the optimum separation pH was described.
Finally, the pKas of the fragments were used to estimate the pKas of the AP peptides 1-
40 and 1-42 ("C and D 3.1, E 4.6 and Y 10.8 for acidic amino acids and ‘N-D 8.6, H 6.0,
K 10.6 and R 12.5 for basic amino acids), which were used to predict their behaviour
and simulate their electropherograms with excellent results. However, as expected due
to the very small differences on g/M:*? values, separation resolution of their mixtures
was poor over the whole pH range. The use of poly(vinyl alcohol) (PVA) coated
capillaries allowed reducing the electroosmotic flow (EOF) and a slight improvement of

resolution.

KEYWORDS: Acid dissociation constant / Amyloid beta / Capillary electrophoresis /

Peptides / pKa / Prediction

1. Introduction

The acid dissociation constant (Ka, or pKa in minus logarithm scale) is a fundamental
parameter for physicochemical characterization of biologically and pharmacologically

relevant compounds [1,2]. Capillary electrophoresis (CE) has been widely used for



accurate determination of pK, of a great variety of polyprotic compounds [1-4]. It is an
excellent alternative to potentiometric [2,5], ultraviolet-visible (UV/Vis)
spectrophotometric [2,6] and NMR [2,7] determination because it is not limited by
sample volume or purity, it can be fully automated and it allows a great versatility in the
selection of the separation conditions. The CE determination of pK, is usually
performed measuring the electrophoretic mobility (me) of the target compounds as a
function of pH within an appropriate pH range in aqueous solutions [4], mixed hydro-
organic [8] or non-aqueous media [9] using fused silica capillaries with UV detection
[4,8,9]. During the last decade, different interesting alternatives have been proposed to
increase the reproducibility and throughput of these typical procedures, such as
application of multiplexed [10] and miniaturized instrumentation [11], coated capillaries
[12,13], mass spectrometry detection [14,15] or internal standard-based methods [16].
However, most of the applications have been described for small molecules with only a
few ionisable groups (less than 4). The determination of pKas is troublesome for
polyprotic compounds with many ionisable groups, especially when expected pKas are
extreme or correspond to the same or similar ionisable groups. This is the case of
proteins and polypeptides, which may have dozens of pKas. An interesting approach to
estimate the pKas of polypeptides may be the study of several fragment peptides with a
smaller number of ionisable groups to cover the complete parent sequence. Following a
similar strategy, Rickard et al. reported an excellent general set of average pKa values
for amino acids in polypeptides using biosynthetic human insulin (BHI) and human

growth hormone (hGH) short fragments with a few ionisable groups [17].

The development of rapid, efficient and high-resolution separations in CE requires a

previous optimisation. This optimisation can be assisted by modelling the
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electrophoretic behaviour of the target compounds to avoid excessive experimental
work [15,18-21]. Accurate quantitative relationships between the me of ionisable
compounds and the pH of the background electrolyte (BGE) have proved to be very
useful to simultaneously determine their pKas and the optimum pH for their separation
in a complex mixture [15,18]. Moreover, several semiempirical relationships relating
the me of the analytes to their structure (charge, molecular mass or number of amino
acid residues) have been proposed [15,18-21]. In previous works, these classical
semiempirical relationships yielded excellent correlations for several peptide hormones
[15], neuropeptides [18], apothioneins [19], peptides and glycopeptides from tryptic
digests of glycoproteins [20] and quinolones [21] when good estimates of pKa values

were available for charge calculations.

In this work, a general equation relating the me with pH, pKas and activity coefficients
is used to model the migration behavior and determine the pKas of five amyloid beta
(AB) peptide fragments (1-15, 10-20, 20-29, 25-35 and 33-42) that cover all the
sequence of AP peptides 1-40 and 1-42. AP 1-40 and 1-42 are clinical biomarkers used
for Alzheimer’s disease diagnosis, which is nowadays one of the most common age-
related neurodegenerative disorders [22,23]. AP peptides are produced during normal
cellular metabolism and are constituents of biological fluids but under pathological
conditions they aggregate and form amyloidotic fibrils which are deposited and
accumulated in the brain as plaques. As protein aggregation depends on pH [24,25],
characterization of the physicochemical parameters of these peptides is important. Once
the pKas of the AP peptide fragments were determined by CE, the classical polymer
model (me vs. /M2, g=charge and M=relative molecular mass) was used to predict

the separation of a mixture of the fragments and confirm the accuracy of the pKas.
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Finally, we demonstrated that the pKas of the fragments were good estimates for the
ionisable groups of AP peptides 1-40 and 1-42 by predicting separations in bare fused

silica and poly(vinyl alcohol) (PVA) capillaries.

2. Materials and methods

2.1. Chemicals and reagents

All the chemicals used in the preparation of BGEs and solutions were of analytical
reagent grade or better. Acetone, ammonia (25%), boric acid, diethylmalonic acid,
hydrochloric acid (25%), methanol, phosphoric acid (85%), sodium acetate, potassium
hydroxide, sodium dihydrogen phosphate, sodium formate and sodium hydroxide were
supplied by Merck (Darmstadt, Germany). Tris(hydroxymethyl)aminomethane (Tris)
was purchased from J.T. Baker (Deventer, Netherlands). Glutaraldehyde (50%) and
PVA (hydrolysis grade 99%, average M, 90,000) were purchased from Sigma-Aldrich
(Steinheim, Germany). Water with conductivity lower than 0.05 Scm™' was obtained
using a Milli-Q water purification system (Millipore, Molsheim, France). The fragments
of AP peptides 1-15, 10-20, 20-29, 25-35 and 33-42 and AP peptides 1-40 and 1-42
were provided by Bachem (Bubendorf, Switzerland). Their sequences, ionisable groups

and M, are shown in Table 1.

2.2. Electrolyte solutions and samples solutions

The BGEs for the determination of me covered the pH range 2—-12. They were prepared

at the following concentrations (pH was adjusted with 1.0 M HCI or 1.0 M NaOH and
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the | was calculated to be 25 mM): 15 mM NaH2PO4 (pH 2.0), 25 mM NaH2PO4 (pH
2.5-3.0), 25 mM sodium formate (pH 3.5-4.0), 25 mM sodium acetate (pH 4.5-5.0), 20
mM diethylmalonic acid (pH 5.5-6.5), 25 mM Tris (pH 7.0-9.0), 30 mM H3BO3 (pH
9.5-10.5) and 5 mM H3PO4 (pH 11.0-12.0). BGEs were passed through a 0.22 pm

nylon filter (Panreac Applichem, Barcelona, Spain).

Individual stock solutions (1000 mg-L™?) of AB 1-15, 10-20, 20-29, 25-35 were prepared
in water and AB 33-42 in 5 % (v/v) DMSO because it was less soluble in water. The
working solutions (200 mg-L™) contained 3% (v/v) acetone or 5 % (v/v) DMSO (AP
33-42) as electroosmotic flow (EOF) marker. A mixture of the five peptides (200 mg-L-
1y was also prepared in water. Solvent and storage conditions were especially critical for
AP 1-40 and 1-42, which were prone to aggregation. Ap 1-40 and 1-42 were dissolved
(1000 mg-LY) in 50 mM and 100 mM ammonium hydroxide aqueous solutions,
respectively, following the manufacturer’s recommendation. A mixture of the two AP
peptides (200 mg-L*) was prepared in 100 mM ammonium hydroxide agueous solution.
All the stock solutions were divided into several aliquots and individually stored at -20
°C. Each aliquot was thawed only once, preserved in the refrigerator between injections

and immediately discarded after the analyses.

2.3. Instrumental parameters

All CE-UV experiments were performed in an Agilent HP 3DCE system (Agilent
Technologies, Waldbronn, Germany). Unless otherwise indicated, separations were
performed at 25 °C in a 57 cm total length (Lt) X 75 um internal diameter (i.d.) x 365

pum outer diameter (0.d.) bare fused silica capillary (Polymicro Technologies, Phoenix,
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AZ, USA). All capillary rinses were performed at high pressure (930 mbar). New
capillaries were flushed with 1 M NaOH (15 min), water (15 min) and BGE (30 min).
The system was finally equilibrated by applying 25 kV of separation voltage for 20 min
(normal polarity, cathode in the outlet). Samples were injected at 50 mbar for 3 s.
Between runs, capillaries were conditioned by rinsing with 1 M NaOH (1 min), water (1
min) and BGE (1 min). Between workdays or after a change of BGE, the capillary was
conditioned by rising with 1 M NaOH (5 min), water (5 min) and BGE (10 min). The
system was finally equilibrated by applying 25 kV of separation voltage for 20 min.
Capillaries were stored overnight filled with water. For experiments with PVA
capillaries, bare fused silica capillaries were coated with PVA following a procedure
described elsewhere and cut to a Ly of 57 cm [26,27]. The conditioning, rinsing and
separation methods were the same as in bare fused silica capillaries, but without using

NaOH to prevent coating damage.

pH measurements were made with a Crison 2002 potentiometer and a Crison electrode

52-03 (Crison Instruments, Barcelona, Spain).

2.4. Determination of electrophoretic mobility and acidity constants

The me of each AP fragment was measured by CE-UV as the difference between the

apparent mobility of each peptide, mapp, and the mobility of the neutral marker, meor

[15,18-21]:

Lelp [ 1 1
m, = Mypy, — Mpop = — 1
e app EOF > (tapp tEOF) 1)

Where Lc is the capillary length, Lp is the distance from the injection point to the

detector and tapp and teor are the migration time of the peptide and the neutral marker,
;



respectively. Individual solutions of each peptide were injected at each pH and me was
obtained as the average of five replicates. BGEs indicated in Section 2.2 were run in

sequence from low to high pH.

In previous studies [15,18-21] we established a general equation relating the me of a
polyprotic substance HnX? (n=number of ionogenic groups and z=maximum net
charge), to the pH of the BGE, taking into account the apparent pKa values (pKa’) over
the selected pH range. Table 2 shows the equation derived for each Ap fragment. It is
worth mentioning that Ap 1-15, 10-20 and 20-29 contained ionisable groups with equal
or very similar pKa” values, which were not possible to be separately determined by CE-
UV (pKa difference with Rickard et al. values [17] was less than 0.5 units, Table 3).
Therefore, they were considered as a single group for ease of calculation (e.g. 'C-Q and
2 D amino acids were combined in AB 1-15, Table 1, 2 and 3). Also note that acid-base
equilibrium for the guanidine group in the R residue (Arg pKa 12.5 [17]) fell outside the
studied pH range and was not considered for the calculations (Tables 1-3).

The pKa’ values were determined from nonlinear regression analysis of data pairs of
me—pH (SciDAVis free software, 1.D009, Russell Standish, Sydney, Australia).

The effect of ionic strength (1) upon pKa’ was taken into account, considering the
activity coefficients of the solutes (y), obtained from the Guntelberg approximation of
the extended law of Debye-Hiickel (valid for 1<0.2 M):

—z2A\T
logy = lz+ﬁ (2)

Where A is a temperature and solvent dielectric dependent constant with value of 0.509
in water at 25 °C. y of neutral species (yo) were assumed to be unity. Then, the

thermodynamic pKa values were easily calculated from the expression:



—(i-1)
pK, = pK, + log szz_i (3)

The pKas for AP peptides 1-40 and 1-42 were estimated taking into account the

thermodynamic pKas obtained by CE-UV for the Ap fragments (Table 4).
2.5. Prediction of migration with the classical semiempirical models

In general, the me of a peptide is proportional to its g and inversely proportional to its
Stoke’s radius (r). The r is generally expressed in terms of M, because the volume of a
molecule is proportional to its mass if the density is constant [28,29]. The classical
equations describing semiempirical models are deduced from assumptions concerning
the peptide shapes and the forces that they undergo during electrophoretic motion. The

general form of the equation relating me, My and q is as follows:
m, =B Miﬁz 4)

where B is a constant and the parameter o takes different values depending on the
assumptions made on deduction of the semiempirical model (o=1/2, 1/3 and 2/3 for the
classical polymer model, the Stoke’s law and the Offord’s surface law, respectively)

[28,29].

In order to obtain g/M;* values for the studied peptides, M, was calculated from the
amino acid sequences (Table 1) and g was calculated at each separation pH using the
experimental CE-UV pKG,s (Table 3) and Sillero and Ribeiro expression [30], which is

based on the Henderson—Hasselbalch equation:

N ;

P
S~ S (5
q M 1 4+10PH-PK(Pn) ]1+10pK(Nj)—pH ( )



Where P, and Nn are the cationic (i.e. Py = terminal NHz, P> = H, P3 = K and P4 = R)
and anionic (i.e. N1 = terminal COOH, N2 = D, N3 = E and N4 = Y) ionisable groups
found in the amino acids, and pKa (Pn) and pKa (Nn) are the pKas of these groups. The
accuracy of the g calculated in this way depends on the proposed sequence and the
reliability of the pKa considered for the ionisable groups [15]. Only for AB 1-15 (or
later for AP 1-40 and 1-42), the average pKa given by Rickard et al. [17] was used for
the guanidine group in the R residue (12.5) because this pKa could not be obtained by
CE-UV (Tables 1-3).

Once linearity between me and g/M/* was demonstrated for all the peptides at the
different pH values, g/M* could be obtained at a certain pH to predict separation
resolution or selectivity, as well as to simulate the electropherogram of a mixture,
showing a pure Gaussian peak for each peptide [31]. As g/M* was inversely
proportional to migration time, M;%/q was considered for the graphic representations to
show a correct migration order in the simulated electropherograms. In contrast to our
previous works [18-21], now the influence of the EOF on migration time was also

considered in the simulations:

1[x—xi

o) = hye 320 (o)

Where x corresponds to M;%/q and defined the x-scale, ho defined the peak height, o was
the standard deviation of the Gaussian peak (w2 (width at half height) = 2.354*¢) and
xi was related to the target peptide and the EOF at the studied pH value (Mri*/qi +
1/(C*E)) and it was the function value at the peak maximum for each peptide. The EOF
influence at each pH value was taken into account adding the term 1/(C*E) in x;, since
the EOF was inversely related to migration time [32,33]. C ranged between 0 and 1 and

was the relative change of the EOF in a bare fused silica capillary at the studied pH
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values. It was calculated as the ratio between the EOF mobility (meor) at the studied pH
value and the maximum meor, Which corresponded in bare fused silica to pH 12. The
curves of meor variation as a function of pH were obtained from the literature [33]. E
was a constant to normalize the 1/C values, in order to prevent the magnitude
differences between 1/C and M;i%/qgi. E was arbitrarily selected as 1.1 times the most
negative value of the Mri%/qi calculated for the peptides at the different pH values, in
order to ensure simulation of all the negative ions because they migrated to the detector.
For PVA capillaries, the same reasoning was applied and the curves of meor variation
as a function of pH were also obtained from the literature [34]. An average w1 value of
0.2 to calculate o was fixed taking into account measurements of wi, in the
experimental electropherograms. A value of 50 and 90 was arbitrarily selected as ho for
all the peptide peaks and for the EOF marker peak, respectively. In order to simplify the
simulation procedure no other assumptions were made regarding peak shape or the
influence of BGE composition on migration time and resolution. Microsoft Office Excel

2010 for Windows was used for all the calculations and simulations.

3. Results and discussion

3.1. Electrophoretic behaviour and determination of pKa by CE-UV

The study of the electrophoretic behaviour of polyprotic compounds (e.g. peptides) as a
function of pH can be simultaneously used for the accurate determination of their pKas
and for selection of the optimum pH for separation of mixtures of the modelled
compounds [15,18]. Figure 1 shows a plot of the experimental me for the studied AP
fragments (symbols) against the pH of the BGE. Good correlations were observed when
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these experimental me—pH data pairs were fitted to the corresponding equations of Table
2 using nonlinear regression analysis (predicted mes are shown as solid curve lines, R? >
0.995). Therefore, the proposed equations, which were deduced combining acid-base
groups for some of the fragments (i.e. Ap 1-15, 10-20 and 20-29), performed well
despite the complexity of the polyprotic peptides and the approximations made to derive
the equations for the different fragments (Tables 1 and 2). It is worth mentioning that
when the electrophoretic models were modified in AB 1-15, 10-20 and 20-29 to
consider all the non-equivalent ionisable groups separately (e.g. 'C-Q and 2 D amino
acids in Ap 1-15, Table 1, 2 and 3), the calculation did not converge or the obtained pKa

values did not make chemical sense.

The thermodynamic pKa of the peptides were calculated using the apparent pK,
obtained from the best-fit parameters of each nonlinear regression model and are
summarized in Table 3, together with the corresponding average pKas given by Rickard
et al. [17] and the pKas of the free amino acids [35]. The average pKas given by Rickard
et al. were established for amino acids using the information collected for a large set of
biosynthetic human insulin (BHI) and human growth hormone (hGH) short fragments
with a few ionisable groups and are broadly used for proteins, polypeptides and small
peptides studies. As can be seen, in general, the experimental pKas obtained by CE-UV
for the AP fragments were very similar to the average pKais given by Rickard et al.,
especially for the AP 25-35 and 33-42, which presented a lower number of ionisable
groups. For the longer fragments, the most important shifts were found in the terminal
ionisable carboxylic acid and amino groups, but not in the ionisable groups of the side
chains. This effect was already observed by Rickard et al. when they compared their

average pKa values with the pKa values for the free amino acids (Table 3) [17]. The
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acidity of these terminal groups becomes weaker because the formation of the peptide
bond induces an electrostatic change in the charge on the neighboring amino and
carboxy groups. As the difference between our CE-UV pKas and the average pKas of
Rickard et al. is very small, we recommend the use of these average pKas for the amino
acids when accurate pKas for proteins and peptides are not available, for example, for
electrophoretic separation prediction. These values are a far better approximation to the

real pKas than the pKas of the free amino acids [15,18-20].

3.2. Classical semiempirical models for migration prediction.

The usefulness of equations in Table 2 for prediction of the electrophoretic behaviour of
the studied peptides as a function of pH is limited because the number of experimental
me-pH data pairs necessary for an accurate migration prediction is relatively large and
increases with the number of ionisable groups. If accurate pKa values are known (e.g.
CE-UV pKas) or an appropriate estimation is available (e. g. Rickard et al. pKas [17]), a
better option to estimate a suitable pH for separation of the mixture is the approach
based on the classic semiempirical relationships between me and g/M;* [15,18-21].
Figure 2 shows for all the studied peptides in the pH range 2-12 the plot of me against
g/M* for the classical polymer model (o = 1/2), the Stoke’s law (oo = 1/3) and the
Offord’s surface law (0. = 2/3). In all cases, good linear correlations were observed (r? >
0.97), confirming the validity of the classical semiempirical models in the whole pH
range and the accuracy of the CE-UV pKas used for charge calculation. The classical
polymer model (r> > 0.978) was considered for prediction of the separation of a mixture
of the AP fragments. This model was also the preferred model in our previous works to

explain the migration behaviour of peptide hormones [15], neuropeptides [18],
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apothioneins [19] and glycopeptides from tryptic digests of recombinant human
erythropoietin [20].

Once the validity of the relationship between me and q/M;*? is verified, a suitable pH for
separation of the mixture can be estimated by selecting the appropriate pH to obtain the
greatest differences between the curves of g/M/?vs pH for the A fragments. However,
it is preferable to predict other parameters that quantitatively describe the extent of
separation and the influence of the EOF. Predicting resolution (Rs) between critically
adjacent peaks is the best way to evaluate separation because efficiency and selectivity
are simultaneously taken into account. In electrophoretic separations, Rs is usually
calculated from the expression [32]:

ﬂ (mij—miyq) (7)

Rs =1 " (Mavg+ Mmeor)
Efficiency Selectivity

Where N is the number of theoretical plates, m; is the me of the peptides, mayg is the
average of m;values and meor is the EOF mobility. Resolution has been widely studied
to optimise separations as a function of pH in CE with fused silica and coated
capillaries [32,36]. If we suppose similar N values for all the peptides of the mixture,
efficiency is considered as constant and only accounts for resolution the selectivity
term. Furthermore, Equation 7 can be adapted to predict a parameter related to
separation selectivity (S) from the predicted g/M:*?, taking into account the linear
relationship between m. and g/MY/2:

_ @my’-a/mfl

(@/My 7,5+ CE)

(8)

Where q/M/? is the predicted q/M,"’* of the peptide i, q/M,.Z, is the average of

ravg
q/Mrli/2 values and C*E is the term taking into account the influence of the EOF at each

pH value, as explained for equation 6 in section 2.5.
14



Equation 8 was used to predict S between adjacent peak pairs, considering the changes

in migration orders that can be observed in Figure 1 and including the neutral marker

peak, which migrates with the EOF (q/Mrl/Z: 0). A plot of the predicted S between the

worst-separated peak pair over the studied pH range permitted selection of the optimum
pH for the separation of the five Ap fragments (Figure 3A). As observed in Figure 3A,
the best separations were expected to be obtained at pH 3.0 and 10.5 because S was the

highest. Separations were the worst in the pH range 5-9 because of the slight differences

between q/Mrl/ % of the peptides or because they co-migrated with the EOF (their pls
were within that pH range, see Figure 1). In terms of selecting the optimum pH for the
separation, this approach dramatically cuts down total optimisation time. Similar

conclusions were drawn with an alternative quality criterion to optimise separations that

Tascon et al. recently described [36], adapting t* to use q/Mrl/ % and considering the

influence of the EOF.

1/2 1/2 1/2 1/2 \1?
b la/my a2 (armi 2 -am}2)]

C+E

©9)

In this case, there was no need to consider the EOF peak to predict the separation from
the neutrals but, as in S parameter, we introduced the term C*E in the denominator to
take into account that separation decreases when EOF increases [32,33].

In order to further confirm the pH selection, the electropherograms for the separation of
the mixture were simulated at pH 3.0 and 10.5 (Figure 3B and D). As can be observed,
despite the simplicity of the approach, the agreement with the experimental
electropherograms was good (Figure 3C and E). The mixture of the five AB fragments

was better resolved at acidic pH than at basic pH, where one of the peptides slightly
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comigrated with the EOF. However, at pH 10.5 the total separation times were the

lowest because the EOF in the fused silica capillary was much higher than at pH 3.0.

With regard to the AP peptides 1-40 and 1-42, both contain a total of 15 ionisable
groups corresponding to 8 different ionisable amino acids (Table 1). Once the accuracy
of the experimental CE-UV pKas of the Ap fragments was demonstrated predicting the
electrophoretic behaviour and the selectivity of the separations, as well as simulating the
electropherograms, these pKas were used to estimate the pKas of the 8 ionisable amino
acids of the AP peptides 1-40 and 1-42. An estimate of these pKas was calculated as an
average of the thermodynamic pKas obtained by CE-UV for the Ap fragments (Table 4).
As can be observed in Table 4, in most cases, the standard deviation of the pKss of the
AP fragments used for the estimation was less than 0.2, hence justifying the validity of
the approximation. Note in Table 4 that the average pKa given by Rickard et al. [17]
was used as an estimate for the guanidine group in the R residue (12.5) of the AP
peptides 1-40 and 1-42 because this pKa could not be obtained by CE-UV for the
fragments. The estimated pKas of Table 4 were used to evaluate separations of Af
peptides 1-40 and 1-42. The plot of S between the AP peptides over the pH range 2-12
allowed again a rapid selection of an appropriate pH for the separation (Figure 4A). As
can be observed, the S values between the Ap 1-40 and 1-42 were much smaller than
before between the AP fragments (compare the y-axis scale of Figure 3A and 4A). The
best separation was predicted in the pH range 11.5-12. However, even at those
conditions, S was very low, due to the very small structural differences between both
peptides, which differ only in two amino acids that do not contain ionisable groups
(Table 1). Figure 4B and C show the simulated and experimental electropherograms of

the mixture at pH 11.5 in a fused silica capillary (fused silica is not very stable at pH
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12.0). The simulation was in good agreement with the experimental results and, as
expected, separation resolution was poor. The separation was also tested using 50 pm
and 30 pum i.d bare fused silica capillaries, but resolution did not improve. Another
interesting approach is the use of coated capillaries to control the EOF and to suppress
analyte-wall interactions. Hydrophilic non-ionic coatings significantly reduce the EOF,
suppress the adsorption of basic compounds to the capillary wall and, in some cases,
could act as a pseudo-stationary phase. Among these, permanently coated
hydroxypropyl cellulose (HPC) and PVA capillaries have proven to exhibit a
particularly good performance in terms of stability and reproducibility [26,27,37,38]. In
our case, only PVA capillaries gave remarkable results with regard to separations of Af
1-40 and 1-42 peptides. In order to ensure the stability of the coating, separation was
done at pH 10.0 instead of pH 11.5 (Figure 4A). Figs. 4D and E show that again
concordance between the simulated and experimental electropherograms is good,
because the EOF magnitude is taken into account for the simulations [34]. Furthermore,
the EOF reduction at pH 10.0 in PVA capillaries, with regard to a fused silica capillary
at pH 11.5 (more than 40% in our case), allowed a slight improvement of the resolution
between both peptides, at the expense of a slight increase in total separation time. In
order to further improve this separation, it would be necessary to explore
complementary mechanisms based on interactions with a pseudo-stationary phase, a

complexing agent or to use on-line MS detection.

4. Concluding remarks
In this study, we have estimated by CE-UV the pKas of Ap peptides 1-40 and 1-42 from
five AP peptide fragments covering all their complete amino acid sequence. First, the

experimental mes of the five fragments in the studied pH range were fitted to equations
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modelling their ionisable behaviour as a function of pH. The accuracy of the pKas was
demonstrated predicting the electrophoretic behaviour of the studied fragments and
separation selectivity of their mixture using the classical polymer model. Bearing in
mind the excellent results and the simplicity of the approach, if accurate pKa values are
available for the target compounds, this is a remarkable strategy for making a rapid and
“dry” selection of the optimum pH for the separation of their mixtures. The pKas of the
fragments were also valuable estimates for the AR 1-40 and 1-42 (‘C and D 3.1, E 4.6
and Y 10.8 for acidic amino acids and 'N-D 8.6, H 6.0, K 10.6 and R 12.5 for basic
amino acids). Therefore, the estimation of pKas of complex polyprotic peptides from
their building peptide fragments can be regarded as a straightforward and reliable

method to acquire information that could not be readily acquired by other means.
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Figure legends

Figure 1. Experimental (symbols) and predicted (lines) me vs. pH of the BGEs for Ap
fragments 1-15 (), 10-20 (=), 20-29 (A), 25-35 (X) and 33-42 (k). The error bars show

standard deviations (n=5).
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Figure 2. Correlation between me and g/M;® for the AP fragments in the pH range 2-12.
a = 1/2, 1/3 and 2/3 for the classical polymer model, the Stoke’s law and the Offord’s
surface law, respectively. (g/M;* values were calculated with the experimental CE-UV

pKas, excepting for the guanidine group in the R residue in Ap 1-15 [17] (Table 3)).
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ACCEPTED MANUSCRIPT

Figure 3. A) Selectivity (S) of the worst-separated peak pair in a mixture of the five Ap
fragments in the pH range 2-12. Simulated and experimental electropherograms of a

mixture of the five AP fragments at pH 3.0 (B and C) and 10.5 (D and E).
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Figure 4. A) Selectivity (S) between the Ap 1-40 and 1-42 peptides in the pH range 2-

12 in a bare fused silica capillary (solid line) and in the pH range 2-10 in a PVA coated

capillary (dash line). (q/M:*? values were calculated with the estimated pKas of the Ap

peptides 1-40 and 1-42, excepting for the guanidine group in the R residue [17] (Table

4)). Simulated and experimental electropherograms of a mixture of Ap 1-40 and 1-42

peptides at pH 11.5 (bare fused silica capillary) (B and C) and 10.0 (PVA coated

capillary) (D and E).
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Table 1. Amino acid sequence, relative monoisotopic molecular mass (M) and

ionisable groups for the studied Ap peptides.

lonisable
; amino Formula
?eﬁgeerﬁ);éde Mr | acids
< Aci  Bas | H,ABH]| HnX?
dic? icP
1 1
IC- IN-
Q D
cl 3 H
2 c3
1-15 182 D 1R Hi1X
DAEFRHDSGYEVHHQ 6.9 ¢l d H,ABH| 5.
2
E
c2
1
Y
1 1
{C- IN-
F Y
10-20 144 1 2H H7X*
YEVHHQKLVFF 6.7 g e |Hs3ABH].
1 1K
Y e2
e2
1 1
{C- IN-
GF F
20-29 102 HsX?
FAEDVGSNKG 31 E . 1K | H3ABH; .
1
E
1 1
25-35 106 | 'C- 'N- HaX?
GSNKGAIIGLM 03 M G HABH3] .
1K
1 1
33-42 915. | t~.  tn N
GLMVGGVVIA 5 X (';\' HABH'| HoX
1 1
1-40 IC- IN-
DAEFRHDSGYEVHHQKLVFFAEDVGSNK (432 | V D HoABH HisX
GAIIGLMVGGVV 9.9 3 3H |Hsg 7+
D 2K
3 1R

29




1-42
DAEFRHDSGYEVHHQKLVFFAEDVGSNK
GAIIGLMVGGVVIA

451
4.1

<PMWQgW> G-

[EEN

tN_

3H
2 K
1R

HgABH

HisX

7+

a) In this column 'C-: Terminal COOH.
b) In this column '™N-: Terminal NH,.

The following ionisable groups were combined for the calculations:

cl)1'C-Qand 2D
c2)2E

c3)3H

el)2H
e2)1Yand1lK
f)1'C-Gand 1D

d) R was not considered for the calculations because the expected pK, was outside the studied pH

range (2-12).
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Table 2. Electrophoretic models for the studied Ap fragments in the pH range 2-12.

AB Fragment HnX? Electrophoretic model

10@PK1+20K;=5pH) o 4 10@PKz=2pH)yy . 4 1 0BPH-3DK3) o 4 1 0@PH-30K3-PKD) 4 1(CPH-37
HiaX HgX HgX H,X

1-15ab Hi1X5* m, = i
€ 10BPK1+2pK;~5pH) 4 1((2PK;—2PH) 4 1 4+ 10BPH-3PK3) 4 1(Q@PH-3pK;-pKy) 4 1((SPH-3pK;~pK4—Dl
1020¢ e 10(101(1'+pK£+2pK§*4pH>mH7X4+ + 10(pK£+2pK3'*3nH)mH6X3+ + 10(2pK§*2pH)mH5X2+ + 10(PH*PKi)mHZX_ + 1QBPH-DK
= 7. =
Me 10®K1+PKy+2pK;—4pH) 4 1(@K3+2pK3=3pH) 4 10@pK3-2pH) 4 1 4 10®H-PKL) 4 10BPH-PKi-2pKY)
20294 Hoxz . 10(ZPK{—ZPH>mH5X2+ + 10(pH—pK5)mHZX_ + 10@PH-PIG=PKD )y 4 10CPH-PIG—PKS-PKD . 5
e 10@pK1-2pH) 4 1 4 10®@H-PK3) 4+ 10@PH-PK;-PK3) 4 1((BPH-DPK;—pK3-PKy)
10(pK{+pK£—2pH>mH3X2+ + 10(101(2'—1uH)ml_lszr + 10PH-PKD
25-35 HaX2+ Me = 10(PK1+PKz=2pH) 4 10(PKz-PH) 4 1 4 10(PH-PK3)
10(171({—1311)1,1}{2)(+ + 10®@H-PKD . .
m, = T T
33-42 HoX* 10®Ki-pH) 4 1 4+ 10WH-PK3)

a) R (Arg) was not considered for the calculations because the expected pK, was outside the studied pH range (2-12).

The ionisable groups of the following amino acids were combined for the calculations because the pK, values were expecte
similar:

b) 1'C-Q and 2D (pkK,). 2 E (pk,), 3 H (pK>).

c) 2H (pk3), 1Y and 1 K (pky).

d) 1'C-G and 1 D (pk)).
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Table 3. CE-UV apparent pKss (pKa), thermodynamic pKas, pKas of Rickard et al. [17] and

pKas of the free amino acid [35].

AB fragment pK, pK; YilYj pKa pKa pKa  free Amino acid
Rickard et aminoacid 2
al.
1-15 3.5£0.3 b 1 Vs+/Var 29 3.2 2.2 1c-Q
Ya+/V3+ 30 35 37 D
V3+/V2+ 34 35 3.7 D
4.7+0.7 b2 2 Y2+/Y+ 45 45 43 E
Y+/Yo 46 45 43 E
6.00.1 b3 3 Yo/Y- 6.0 6.2 6.0 H
Y-/Y2- 62 6.2 6.0 H
Y2-/Y3- 63 6.2 6.0 H
8.140.4 4 Y3-/Ys- 86 8.6 9.6 N-D
104407 S Ya-/Vs- 114 10.3 10.1 Y
c - Vs-/Ye- 125 12.5 R
10-20 3.840.2 1 Ya+/V3+ 33 3.2 1.8 (C-F
4.9+0.6 2 Y3+/Y2+ 45 45 43 E
6.0+0.2 ¢ 3 Y2+/Y+ 57 6.2 6.0 H
Y+/Yo 5.9 6.2 6.0 H
8.00.1 4 Yo/Y- 80 77 9.1 IN-Y
10.2+0.1 @2 S Y-/Y2- 104 10.3 10.1 Y
Y2-/Y3- 106 10.3 10.5 K
20-29 3.240.1¢ 1 Y2+/Y+ 29 3.2 2.3 1C-G
Y+/Yo 3.1 35 3.7 D
4.6+0.1 2 Yo/Y- 47 45 43 E
7.8+0.2 3 Y-/Y2- 84 77 9.1 IN-F
10.540.2 4 Y2-/¥3- 108 10.3 10.5 K
25-35 3.3£0.1 1 Y2+ /V+ 34 3.2 2.3 {C-M
8.30.1 2 Y+/Yo 82 8.2 9.6 N-G
10.520.1 3 Yo/Y- 105 10.3 10.5 K
33-42 3.240.1 1 Y+/Yo 34 3.2 2.3 ‘C-A
8.3£0.1 2 Yo/v- 83 8.2 9.6 N-G

a) 'C-: Terminal COOH; 'N-: Terminal NH..
¢) R (Arg) was not considered for the calculations because the expected pK, was outside the studied pH

range (2-12).

b1, b2, b3, c1, c2 and d) The ionisable groups were combined for the calculations (See Table 1).
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Table 4. Thermodynamic pKas for AB fragments obtained by CE (from Table 3) and average

pK.s calculated as an estimate of the pKas of AP peptides 1-40 and 1-42.

lonisable AB

Standard

Number of residues in the sequence

) .
aminoacid2  fragment PKa SRR DG deviation aiitheliifilee pids
1-40 1-42
1-15 29(Q)
10-20 33(F)
tC 20-29 29(G) 3.1 0.2 1(V) 1(A)
25-35 3.1 (M)
33-42 3.1(A)
3.0
1-15
D 341 3.1 0.1 3 3
10-20 31
4.5
5 4.6¢
E 4.6 0.1 3 3
10-20 45¢
20-29 4.7
6.0
1-15 6.2 41
H 6.3 6.0 0.1 3 3
5.7 o
10-20 5.9
N 1-15 8.6 (D) 8.6 - 1(D) 1(D)
10-20 10.6
K 20-29 10.8 ¢ 10.6 0.2 2 2
25-35 10.5¢
1-15 111
Y 10.8 0.5 1 1
10-20 10.4
R 1-15 -f 1259 - 1 1
a) 'C: Terminal COOH; 'N: Terminal NH,. The terminal amino acids are indicated between
parentheses.

b) Experimental CE-UV thermodynamic pKas for Ap fragments (See Table 3).

cl, d1, d2 and el) The same position of the amino acid sequence is repeated in both AP fragments.
f) pKa of R (Arg) was not determined by CE-UV because the expected pK, was outside the studied pH

range (2-12).

0) pKa of R (Arg) of Rickard et al. [17].
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